Introduction
How the innervating axons induce the assembly of postsynaptic components at the site of synaptic contact is a fundamental issue in neuroscience. Synaptic induction is thought to be mediated by membrane-bound and/or diffusible molecules (Goda and Davis, 2003; Li and Sheng, 2003; Scheiffele, 2003; Yamagata et al., 2003; Waites et al., 2005) . Cell adhesion molecules (CAMs) in particular have long been proposed to have instrumental roles in triggering synaptic assembly for the following two reasons. First, CAMs may provide an adhesive link between pre-and postsynaptic cells by holding the synaptic contacts together. Second, by binding to other synaptic components such as synaptic scaffolding proteins, CAMs may induce the intracellular signaling necessary for synaptic differentiation. Therefore, CAMs may provide the earliest trans-synaptic scaffold upon which other synaptic components are later recruited. Consistent with this idea, several CAMs have previously been implicated in synapse formation in vitro. For example, neurexin in the presynaptic axons can induce glutamate and GABA postsynaptic specializations via neuroligin (Graf et al., 2004; Chih et al., 2005) . Conversely, postsynaptic neuroligin can induce presynaptic specialization by binding to presynaptic neurexin (Scheiffele et al., 2000) . Similarly, Syn-CAM, a homophilic CAM with Ig domains, can induce presynaptic specialization (Biederer et al., 2002) . These molecules not only link pre-and postsynaptic cells through extracellular interaction but also bind to and recruit synaptic PDZ-domain scaffold proteins, such as PSD-95 and CASK, through intracellular interaction. Therefore, these CAMs are thought to drive assembly of the synaptic structures by coupling intercellular adhesion with intracellular signaling. However, little is known about the roles of these and other trans-synaptic CAMs, such as Syn-CAM, cadherins, and EphrinB/EphB2, in synapse formation in vivo (Missler et al., 2003; Yamagata et al., 2003; Waites et al., 2005; Varoqueaux et al., 2006) .
Little is also known about the dynamics of CAMs or other synaptic molecules when the synapses are initially formed in the embryo (Jontes et al., 2004; Kasthuri and Lichtman, 2004; Niell and Smith, 2004) . If cell adhesion is indeed a mechanism of postsynaptic induction, recruitment of postsynaptic CAMs at the site of axon-target contact would be the earliest step of the postsynaptic assembly. However, to our knowledge, no study has yet directly examined this process in the intact organism. This is likely because it is usually diffi cult to identify newly forming synapses in the embryo and, furthermore, to image the process of molecular assembly. In this study, we characterized
In vivo induction of postsynaptic molecular assembly by the cell adhesion molecule Fasciclin2 C ell adhesion molecules (CAMs) are thought to mediate interactions between innervating axons and their targets. However, such interactions have not been directly observed in vivo. In this paper, we study the function and dynamics of Fasciclin2 (Fas2), a homophilic CAM expressed both pre-and postsynaptically during neuromuscular synapse formation in Drosophila melanogaster. We apply live imaging of functional fl uorescent fusion proteins expressed in muscles and fi nd that Fas2 and Discs-Large (Dlg; a scaffolding protein known to bind Fas2) accumulate at the synaptic contact site soon after the arrival of the nerve. Genetic, deletion, and photobleaching analyses suggest that Fas2-mediated trans-synaptic adhesion is important for the postsynaptic accumulation of both Fas2 itself and Dlg. In fas2 mutants, many aspects of synapse formation appear normal; however, we see a reduction in the synaptic accumulation of Scribble (another scaffolding protein) and glutamate receptor subunits GluRIIA and GluRIIB. We propose that Fas2 mediates trans-synaptic adhesion, which contributes to postsynaptic molecular assembly at the onset of synaptogenesis.
the function and dynamics of a CAM, Fasciclin2 (Fas2), during synapse formation de novo by applying live imaging, photobleaching, and genetic analyses to the highly accessible neuromuscular synapses in Drosophila melanogaster embryos (Keshishian et al., 1996) .
Fas2 is a homophilic CAM of an Ig superfamily and is expressed both pre-and postsynaptically during the formation of neuromuscular synapses in the embryo and at the mature neuromuscular junction (NMJ) in the larvae (Schuster et al., 1996) . Fas2 binds to Discs-Large (Dlg), a homologue of the vertebrate PSD-95, via a PDZ-binding motif in its intracellular domain. At the mature NMJ in the larvae, Fas2 and Dlg form a molecular complex that is essential for synaptic stabilization and growth (Guan et al., 1996; Thomas et al., 1997; Zito et al., 1997) . During this process, Dlg regulates the synaptic localization of Fas2 through intracellular interaction (Thomas et al., 1997; Zito et al., 1997) . Because Fas2 and Dlg are also expressed in all motor neurons and muscles in the embryo (Schuster et al., 1996) , they may well play important roles in the initial assembly of the synapse. However, little is known about their function and dynamics during initial synapse formation in the embryo. Previous studies showed that Fas2 is expressed at a low level across the entire surface of the muscles before the arrival of the motor axons but becomes concentrated at the postsynaptic site at the mature NMJ in the larvae (Schuster et al., 1996) . From these and other observations, it has been suggested that Fas2 is actively clustered at the synaptic site. However, how this process is achieved in vivo has remained unknown.
In this study, we show that Fas2 mediates the initial preand postsynaptic interaction that is important for the postsynaptic accumulation of Fas2 itself and Dlg at the nascent synapse. We expressed a functional Fas2-GFP (or a color derivative, YFP) or Dlg-GFP fusion protein in the postsynaptic muscle and followed their dynamics during synapse formation. We found that both Fas2-and Dlg-GFP became concentrated at the presumptive postsynaptic site immediately after the formation of the synaptic contact site. The accumulation of Fas2-and Dlg-GFP failed to occur in fas2 mutants, suggesting that unlike in the larvae, Fas2-mediated trans-synaptic adhesion regulates the synaptic localization of postsynaptic Fas2 and Dlg in the embryo. This notion is further supported by deletion and photobleaching analyses of Fas2. In fas2 mutants, synaptic accumulation of another PDZ-containing scaffolding protein Scribble (Scrib) and glutamate receptor subunits GluRIIA and GluRIIB were also reduced, although many other aspects of synapse formation seemed to proceed normally. These results provide in vivo evidence for the role of trans-synaptic adhesion in triggering molecular assembly at nascent postsynaptic sites.
Results

Accumulation of Fas2-YFP at nascent synaptic sites
Before tracing molecular dynamics during synapse formation, we fi rst examined the morphological change of pre-and postsynaptic cells during this process. It has been reported that the initial pre-and postsynaptic interaction during the formation of neuromuscular synapses in the Drosophila embryo occurs between fi lopodia extending from motor neurons and myopodia extending from muscles (Ritzenthaler et al., 2000) . Previous imaging analysis of the postsynaptic myopodia showed that they progressively cluster at the prospective synaptic site as they contact and intermingle with the presynaptic fi lopodia to form the nascent synaptic site. In this study, we conducted simultaneous imaging of both presynaptic fi lopodia and postsynaptic myopodia by genetically expressing myristylated GFP (mGFP) in motor neurons and a target muscle (M12) and by capturing time-lapse images that span the period of initial neuromuscular interaction (Fig. 1 A) . This dual imaging confi rmed and extended previous studies (Ritzenthaler et al., 2000) by showing that (1) the synapse is formed through stabilization of certain contacts between neuronal fi lopodia and myopodia and their subsequent clustering, and (2) myopodia clustering occurs shortly after the initial nerve contact (<40 min; Fig. 1 A and unpublished data). These observations are consistent with the idea that myopodia clustering and subsequent postsynaptic differentiation is induced by contact with the presynaptic cells.
We next studied the dynamics and function of Fas2 as a candidate protein that could mediate the initial pre-and postsynaptic interaction. Fas2 is known to be expressed by motor neurons and muscles in the embryo (see Introduction). However, because possible postsynaptic accumulation of these molecules is obscured by the presence of presynaptic expression, whether and how Fas2 is assembled at the nascent postsynaptic sites was unknown. Therefore, we expressed YFP-tagged Fas2 in the ventral muscle M12 and examined its behavior during the period of fi lopodia-myopodia interaction. The Fas2-YFP used in this study was functional by genetic and cell biological criteria (see Materials and methods). We found that Fas2-YFP distribution was initially diffuse but became concentrated at the postsynaptic sites upon the arrival of the nerve (Fig. 2, A-D) . Before the arrival of the motor axons, Fas2-YFP was uniformly distributed on the entire surface of the muscle with the exception of enriched localization at the muscle attachment sites (Fig. 2 A) . In particular, no Fas2 accumulation was observed in myopodia, which extend in random directions at this stage ( Fig. 2 A,  arrowhead) . When the myopodia clustered in response to innervation at 14 h, however, Fas2-YFP accumulated in the clustered myopodia (Fig. 2 B) . A high concentration of Fas2-YFP was also observed at the nascent postsynaptic site at 15 h (Fig. 2 C) . These results suggest that postsynaptic Fas2 is rapidly rcruited to the nerve contact site. To further characterize the Fas2 accumulation, we performed dual-color live imaging analysis of presynaptic fi lopodia and postsynaptic Fas2 by expressing myristylated YFP (mYFP) in neurons and Fas2-CFP in muscles (Fig. S1 , available at http://www.jcb.org/cgi/content/full/ jcb.200705154/DC1). Time-lapse analysis with 4-min intervals revealed that Fas2-CFP accumulation does occur concurrently with the formation of the initial nerve contact site. We also performed dual-color live imaging analysis of myopodia and postsynaptic Fas2 by simultaneously expressing mYFP and Fas2-CFP in muscles. This analysis showed that Fas2-CFP accumulation occurs focally in clustered myopodia but not in transient myopodia outside the synaptic contact site (Fig. S2) . Thus, accumulation of Fas2 appears to be one of the earliest events of postsynaptic differentiation immediately after the period of mutual exploration by axonal fi lopodia and myopodia.
Postsynaptic accumulation of Fas2-YFP is reduced in the absence of presynaptic Fas2
To explore the mechanisms underlying the postsynaptic accumulation of Fas2, we searched for candidate genes responsible for the accumulation. As described in the Introduction, Fas2 localization at the larval NMJ depends on the function of Dlg (Thomas et al., 1997; Zito et al., 1997) . Because endogenous Dlg is expressed at the nascent synapse (Guan et al., 1996) , the initial accumulation of Fas2 in the embryo could similarly depend on intracellular interaction with Dlg. Alternatively, it could be induced by the presynaptic cells through the action of secreted or cell surface molecules, just like acetylcholine receptor clustering is induced by agrin at the vertebrate NMJ (Kummer et al., 2006) . Because Fas2 is a homophilic CAM and is present on motor neuron growth cones, direct binding with presynaptic Fas2 could be a mechanism of such nerve-dependent recruitment. We were also interested in whether neural activity is involved in the Fas2 accumulation.
To investigate these possibilities, we analyzed postsynaptic Fas2-YFP distribution in various mutants. We fi rst examined pros mutants in which motor neuronal axon outgrowth fails or is delayed (Broadie and Bate, 1993) . Fas2-YFP accumulation was largely lost in pros mutants, suggesting that it is dependent on presynaptic innervation (unpublished data). We next studied fas2, dlg, and GluRII SP22 mutants. GluRII SP22 mutants completely lack synaptic transmission because they are defi cient for both the GluRIIA and GluRIIB genes, which encode glutamate receptor subunits (DiAntonio et al., 1999) . Fas2-YFP accumulation at the postsynaptic site was greatly reduced in fas2 but not in dlg or GluRII SP22 mutants (Fig. 2 , E-I). Thus, Fas2-mediated adhesion is important for the initial Fas2 accumulation. Because postsynaptic Fas2-YFP is functional, the results also support the requirement of presynaptic Fas2 in the postsynaptic accumulation of Fas2.
Normally sized presynaptic terminals form in fas2 mutants
The reduction of Fas2-YFP accumulation in fas2 mutants suggests the possibility that presynaptic Fas2 recruits postsynaptic Fas2 to the synaptic contact site through direct binding. However, because presynaptic Fas2 may also be required for formation of the synaptic contact site itself, the reduced postsynaptic Fas2 accumulation could be an indirect consequence of an absence or reduction in the synaptic contact sites. Thus, we studied early synaptic interaction in fas2 mutants. As has previously been reported, differentiation of motor neurons and muscles and initial outgrowth of motor axons to the vicinity of target muscles were normal in fas2 mutants (Schuster et al., 1996) . We also used the aforementioned pre-and postsynaptic dual imaging to confi rm that motor neuronal axons reached the target region and touched the target muscles as in wild type ( Fig. 1 B) . No obvious abnormalities were seen in the timing and dynamics of the myopodia-fi lopodia interactions to form the synaptic contact site (the size of the clustered myopodia was 9.2 ± 1.1 μm 2 in wild type [n = 20] compared with 10.7 ± 1.0 μm 2 in fas2 [n = 15]; P > 0.3 by t test; Fig. 1 B) . T-shaped presynaptic terminals of normal size also formed in the prospective synaptic site along the proximal edge of target muscle 12 (Fig. 2 , E, F, and J; Schuster et al., 1996) . Thus, Fas2 is not required for the formation of synaptic contact sites. Therefore, the results suggest a specifi c function of presynaptic Fas2 in the accumulation of postsynaptic Fas2.
Fas2 is required for the synaptic accumulation of Dlg
Next, we asked whether Fas2 is required for the assembly of other postsynaptic components. We fi rst studied the localization of Dlg and its dependence on Fas2. Because Dlg, like Fas2, is expressed both pre-and postsynaptically during the formation of neuromuscular synapses, we used Dlg-YFP expressed in the target muscle to monitor Dlg dynamics in the postsynaptic cell. Just like Fas2-YFP, Dlg-YFP was only weakly localized at the prospective synaptic site before nerve innervation but became concentrated at the nascent postsynaptic site upon the arrival of the motor neurons (Fig. 3, A-C) . This Dlg-YFP accumulation was greatly reduced in fas2 mutants, indicating that delivery of Dlg to the postsynaptic site is dependent on Fas2 (Fig. 3 , D and E). Only ‫%03ف‬ of the normal level of accumulation was observed in fas2 mutants (Fig. 3 G) . A similar level of Dlg-YFP accumulation was seen before the arrival of the nerve (Fig. 3 A) and in pros mutants that lacked presynaptic innervation (Fig. 3 , F and G), suggesting that the residual Dlg-YFP accumulation occurs by nerve-independent mechanisms. These results indicate that Fas2 plays a major role in the nerve-dependent induction of Dlg assembly at the postsynaptic site. Endogenous Dlg also accumulated at the nascent synaptic site (Guan et al., 1996) , and the accumulation was reduced in fas2 mutants (Fig. S4 , A and B; available at http://www.jcb.org/cgi/content/full/jcb .200705154/DC1). However, because both motor neurons and muscles express Dlg, the pre-and postsynaptic contribution could not be distinguished in these experiments.
To study whether fas2 is required for the accumulation of other postsynaptic molecules than Dlg, we tested the embryonic expression of 14 proteins that are known to be present at the larval NMJ ( Fig. S4 ; and see Materials and methods). Three of them-Scrib, α-Spectrin, and β-Spectrin-were found to be localized at the nascent NMJ at 15 h. Because all three proteins, like Dlg, were present in the presynaptic axons, their possible localization in the postsynaptic sites was obscured by presynaptic staining. Nonetheless, we found that the expression of Scrib but not α-or β-Spectrin is signifi cantly reduced in fas2 mutants. Scrib is a PDZ-containing scaffolding protein and is known to colocalize and indirectly interact with Dlg at the larval NMJ (Roche et al., 2002) . We also studied localization of the glutamate receptor subunits GluRIIA and GluRIIB, which are known to be recruited to the synapse much later. Synaptic accumulation of these molecules, as assessed by antibody staining, does not occur until 18 h, and it apposes the presynaptic active zone marker Bruchpilot (Brp; Marrus et al., 2004) . The accumulation of GluRIIA and GluRIIB was signifi cantly reduced in fas2 mutants, as assessed by the total fl uorescence intensity for GluRIIA and GluRIIB staining apposing the Brp-positive area (Fig. 4) . (green) and presynaptic active zone marker Brp (magenta) in wild-type (A) and fas2 (B) embryos at 18 h. Brp-positive active zones with (arrowheads) or without (arrows) the apposing GluRIIA cluster in the postsynaptic site are indicated. (C) Quantifi cation of the synaptic accumulation of GluRIIA and GluRIIB in wild-type (wt) and fas2 embryos. **, P < 0.005; ***, P < 0.001 by t test. (D) Total area of the Brp-positive active zones on ventral muscles 6, 7, 12, 13, and 30 is normal in fas2 mutants. Statistical difference was calculated using the t test. Error bars represent SEM. Bar, 5 μm.
Note that clustering of Brp at the presynaptic site was normal in fas2 mutants (Fig. 4 D) . These results are consistent with the idea that the Fas2/Dlg scaffold is required for the proper assembly of subsets of postsynaptic components in the embryo.
Extracellular interaction is suffi cient for the postsynaptic assembly of Fas2
The aforementioned results suggest that formation of the Fas2 adhesion complex is a critical early event in postsynaptic assembly. To further study how the initial postsynaptic Fas2 accumulation is induced during development, we performed deletion and photobleaching experiments. We fi rst performed deletion analysis of Fas2 to test whether trans-synaptic extracellular interaction is indeed responsible for the Fas2 accumulation. We constructed YFP fusion proteins containing only the extracellular (extra-Fas2-YFP) or intracellular (intra-Fas2-YFP) domains of Fas2 (Fig. 5 A) and studied their localization in wild-type embryos. If the initial accumulation of Fas2 at the postsynaptic site is solely dependent on the interaction with presynaptic Fas2, the extracellular domain should be suffi cient for the localization. On the other hand, if Fas2 accumulation is regulated by interaction with Dlg as in the larvae (Thomas et al., 1997; Zito et al., 1997) , the intracellular domain should be necessary and suffi cient. We found that extra-Fas2-YFP accumulated at the nascent postsynaptic site, just as intact Fas2-YFP does (Fig. 5 , B and C; arrows; and quantitative data shown in E). This suggests that extracellular interaction alone is suffi cient for the synaptic localization and that interaction with intracellular proteins such as Dlg is not necessary. In contrast, intra-Fas2-YFP did not accumulate at the nascent synaptic site (Fig. 5, D and E) . The same intra-Fas2-YFP construct but not extra-Fas2-YFP strongly accumulated at the larval NMJ as previously reported (Fig. 5, F-H ; Thomas et al., 1997; Zito et al., 1997) . These results indicate that unlike in the larvae, Dlg interaction is not suffi cient for the initial localization of Fas2 at the postsynaptic site.
Together with the normal distribution of Fas2-YFP in dlg mutants described in the previous paragraph, these results indicate that Dlg interaction does not play a major role in the initial accumulation of Fas2 at the postsynaptic site. Instead, our results support the idea of recruitment by direct interaction with presynaptic Fas2.
Mobility of Fas2 at the postsynaptic site is regulated by extracellular interaction
We next performed FRAP analysis to gain further insights on how Fas2 accumulates at the nascent synapse. In general, when a group of molecules is immobile at a specifi c region, they are replaced with a lower turnover rate and with a slower kinetics. In FRAP experiments, after bleaching fluorescence in a restricted region and time window, fl uorescence recovery within the region, which takes place by exchange between bleached and unbleached molecules, is traced (Sprague and McNally, 2005) . We used this method to evaluate the change in mobility of postsynaptic Fas2 during the process of synapse formation. We photobleached the fl uorescence of Fas2-YFP at the prospective synaptic site and monitored its recovery, which indicates the exchange of bleached molecules at the synaptic site with unbleached molecules from the rest of the muscle. By normalizing these recovery data with fl uorescence at the extrasynaptic region, we evaluated turnover fractions and turnover time constants of Fas2-YFP ( Fig. 6 ; and see Materials and methods). First, we asked whether there was a change in the motility of the postsynaptic Fas2 during synapse formation by performing FRAP of Fas2-YFP before (13 h) and after (15 h) nerve innervation. At both stages, >80% of Fas2-YFP showed turnover after 10 min, suggesting that a majority of Fas2-YFP are mobile at both of these stages (unpublished data). However, we observed a large increase in the turnover time constant of these mobile fractions (turnover time constant of 148 ± 10 s before innervation compared with 345 ± 20 s after innervation; Fig. 6, A, B , E, and G). Furthermore, the turnover time constant in a proximal region within the synaptic site (i.e., near the axon entry point) was longer than that in a distal region (Fig. S3 , available at http://www.jcb .org/cgi/content/full/jcb.200705154/DC1). These results suggest that the mobility of Fas2 is reduced by the influence of the innervating nerve.
To ask whether presynaptic Fas2 is involved in the reduction of postsynaptic Fas2 motility, we next performed FRAP of Fas2-YFP in fas2 mutant embryos. The recovery time constant of postsynaptic Fas2-YFP in fas2 mutants was much shorter than that in the wild type (turnover time constant of 161 ± 10 s in fas2 mutants compared with 345 ± 20 s in wild type; Fig. 6 G) , suggesting that binding with presynaptic Fas2 reduces the motility of postsynaptic Fas2. To further address this issue, we performed FRAP of deleted forms of Fas2. The time constant of intra-Fas2-YFP was much shorter than that of the intact Fas2-YFP and was similar to that of mGFP (Fig. 6, B-D, F, and G) . In contrast, the time constant of extra-Fas2-YFP was much longer, although it was signifi cantly shorter than that of intact Fas2-YFP. Furthermore, the time constant of extra-Fas2 was reduced in fas2 mutants, whereas that of intra-Fas2 was not (Fig. 6 G) . These results collectively suggest that association with the presynaptic Fas2 is responsible for the reduction in the mobility of postsynaptic Fas2.
We next performed inverse FRAP (iFRAP) experiments of Fas2-YFP (Dundr et al., 2002; Rabut et al., 2004) . The entire cellular fl uorescence except for the synaptic site was photobleached, and loss of the fl uorescence from the synaptic site over time was monitored. Because iFRAP directly traces the dissociation of the fl uorescent molecules from the region of interest (in this case, the presumptive synaptic site), it is suitable to analyze the mobility of bound molecules (Rabut et al., 2004) . We applied iFRAP to muscles expressing intact Fas2-YFP, extra-Fas2-YFP, or intra-Fas2-YFP and measured the reduction in synaptic fl uorescent signal present at the presumptive synaptic site 1 and 15 min after the bleaching. The reduction in synaptic fl uorescence was much smaller for Fas2-YFP and extra-Fas2-YFP compared with intra-Fas2-YFP (Fig. 7) , suggesting that Fas2-YFP and extra-Fas2-YFP are more stably bound to the synaptic site than intra-Fas2-YFP. The results are consistent with the FRAP results and suggest that Fas2 mobility is regulated by extracellular interaction. Furthermore, the dissociation rate of Fas2-YFP as assessed by iFRAP was considerably increased in fas2 mutants to a level comparable with that of intra-Fas2-YFP in wild type, suggesting that binding with presynaptic Fas2 is involved in the regulation of Fas2 motility. These FRAP and iFRAP results further support the notion that Fas2 is targeted to the synaptic contact site by binding to the presynaptic Fas2.
Discussion
In this study, we took advantage of the highly specifi c and stereotyped development of the Drosophila NMJ to observe and molecularly dissect distinct steps of early pre-and postsynaptic interaction. By looking at individual processes of synapse formation in real time in the intact organism, we demonstrated the specific function of Fas2 during initial pre-and postsynaptic interaction. The results of our combined genetic and live imaging analyses are consistent with the idea that Fas2 functions as a trans-synaptic inducer of early postsynaptic assembly at this synapse.
Recruitment of postsynaptic Fas2 by trans-synaptic adhesion
The accumulation of Fas2 at the synaptic site appears to be one of the earliest events of postsynaptic differentiation. We observed that synaptic accumulation of Fas2-YFP immediately follows the period of fi lopodial exploration and occurs much earlier than the accumulation of glutamate receptors. Our genetic and deletion analyses suggest that interaction with presynaptic Fas2 plays a dominant role in the postsynaptic accumulation of Fas2. First, we found that postsynaptic Fas2-YFP failed to accumulate properly in fas2 mutants. Because Fas2 is normally expressed on the growth cones of motor neurons and on muscles during the period of synapse formation and because Fas2-YFP expressed on muscles is functional, the results strongly suggest that presynaptic Fas2 is required for the proper accumulation of postsynaptic Fas2. Because of technical diffi culties, we did not perform nerve-specifi c rescue of the phenotype, so the involvement of Fas2 in other surrounding tissues cannot be excluded. However, specifi city in the location of the observed abnormality at the neuromuscular contact site argues against this possibility. Second, we showed that the extracellular domain but not the intracellular domain of Fas2 is suffi cient for its localization to the postsynaptic site. The results indicate that extracellular interaction, most likely with presynaptic Fas2, is suffi cient for the Fas2 localization, and, unlike in the larvae, intracellular interaction with other molecules such as Dlg is not necessary.
Photobleaching experiments demonstrated that the motility of Fas2 is also regulated by extracellular interaction. We found that the turnover time constant for FRAP of Fas2-YFP at the prospective postsynaptic site is greatly increased by innervation. Furthermore, the increase was dependent on the presence of presynaptic Fas2 and on extracellular interaction. iFRAP experiments also showed that the rate of dissociation of Fas2-YFP from the synaptic site is dependent on its extracellular domain and on the presence of presynaptic Fas2. These results indicate that mobility of Fas2 at the postsynaptic site is limited by interaction with presynaptic Fas2 and support the notion that postsynaptic Fas2 is entrapped and accumulated at the synaptic contact site by binding with presynaptic Fas2. Collectively, our genetic, imaging, and photobleaching experiments provide in vivo support for the role of trans-synaptic adhesion in the initial assembly of postsynaptic CAMs.
The role of Fas2 in early synapse formation
We found that Fas2 is also required for the synaptic accumulation of Dlg, which, like that of Fas2, takes place immediately after the formation of the synaptic site. Accumulation of Dlg-YFP at the nascent synapse is greatly reduced in fas2 mutants. In contrast, accumulation of Fas2-YFP at the synapse was normal in dlg mutants. Collectively, our molecular genetic analysis of Fas2 and Dlg support a model in which (1) presynaptic Fas2 fi rst induces the assembly of postsynaptic Fas2 to the nerve innervation The middle three panels show the process of photobleaching. (B) Synaptic fl uorescence intensities 1 and 15 min after photobleaching normalized by those before photobleaching are shown (Fas2, n = 8; Fas2 in fas2 mutant, n = 8; extra-Fas2, n = 13; intra-Fas2, n = 7). ***, P < 0.001 by t test. Error bars indicate SEM. Bar, 5 μm.
sites through homophilic adhesion, and (2) postsynaptic Fas2, in turn, recruits Dlg through intracellular interaction (Fig. 3 H) . This is in contrast to the situation in more mature synapses in the larvae in which Dlg plays a major role in the synaptic localization of Fas2 (Thomas et al., 1997; Zito et al., 1997) and reveals a novel mechanism by which the initial targeting of Fas2 and Dlg to synapses is accomplished.
Although our results suggest that Fas2 plays a prominent role in the initial assembly of the Fas2-Dlg complex at the synapse, we do not exclude the possibility that the reverse signaling (i.e., recruitment of Fas2 by Dlg) also contributes to this process. Because Dlg is maternally supplied, weak Dlg expression was present in the mutant embryos analyzed in this study (see Materials and methods; Guan et al., 1996) . Therefore, Dlg could contribute in a redundant manner to the postsynaptic accumulation of Fas2. Such bidirectional control has been suggested for mammalian PSD-95 and neuroligin: neuroligin promotes clustering of PSD-95 at the synapse and vice versa (Prange et al., 2004; Chih et al., 2005) . We also found that Dlg can partially accumulate at the postsynaptic site independent of the innervating nerve. Similar nerve-independent aggregates of acetylcholine receptors were observed at the NMJ in vertebrates (Kummer et al., 2006) . These results suggest that multiple mechanisms contribute to the postsynaptic assembly of Dlg. However, the large reduction in the assembly of Dlg-YFP observed in fas2 mutants suggests that Fas2-mediated trans-synaptic signaling is critical for the nerve-induced accumulation of Dlg.
We also found that fas2 is required for the proper recruitment of Scrib, GluRIIA, and GluRIIB to the synaptic sites. Scrib regulates synaptic plasticity and synaptic vesicle dynamics at the larval NMJ. A previous study showed that Scrib indirectly interacts with Dlg and that Dlg is critical for the synaptic localization of Scrib (Roche et al., 2002) . There is no evidence for molecular interaction between GluRIIA/B and Dlg or Fas2, although it has previously been reported that synaptic localization of GluRIIB but not GluRIIA is reduced in dlg mutants . The reduction in the accumulation of Scrib, GluRIIA, and GluRIIB in fas2 mutants was not as drastic as that of Dlg-YFP. Therefore, it is likely that Fas2 partly and indirectly regulates the synaptic localization of these molecules.
Our live imaging analysis showed that Fas2 is not required for the initial formation of the synaptic contact sites. No abnormality was seen in the dynamics or stabilization of the fi lopodia in fas2 mutants. This is consistent with the observation that Fas2 accumulates in the myopodia only after their clustering. Presynaptic terminals with normal size also formed at the prospective synaptic sites. Thus, Fas2 is not required for the formation of the synaptic contact site itself but rather for assembly of the postsynaptic molecular complex, including Fas2 and Dlg at the nascent postsynaptic site. It should also be noted that many other aspects of synaptic differentiation are normal in fas2 mutants. Clustering of the active zone marker Brp to the presynaptic sites is normal in fas2 mutants. Previous EM analysis of late embryos also showed synapses with normal morphology, and bouton numbers form in fas2 mutants (Schuster et al., 1996) . Therefore, Fas2-mediated adhesion is likely a component of the mechanisms that regulate the assembly of synapses. This is consistent with the generally accepted view that synapse formation likely uses multiple redundant mechanisms (Goda and Davis, 2003; Waites et al., 2005) .
Induction of postsynaptic molecular assembly by trans-synaptic adhesion
The mechanism of early postsynaptic assembly in vivo is not well understood. At the NMJ in vertebrates, Agrin secreted by motor neurons can induce acetylcholine receptor clustering on the surface of the postsynaptic muscle (Kummer et al., 2006) . In agrin mutants, the NMJ failed to develop properly. However, a recent study suggests that the function of Agrin is required for the maintenance rather than the initial formation of synapses (Kummer et al., 2006) . On the other hand, trans-synaptic cell adhesion has long been implicated in synaptic induction because it can provide a simple and direct way by which the innervating axon induces molecular assembly at the apposing postsynaptic sites (Chow and Poo, 1985; Fannon and Colman, 1996; Uchida et al., 1996) . However, the role of cell adhesion at the onset of synaptogenesis has never been directly demonstrated in vivo, possibly as a result of the diffi culty in examining distinct steps of synaptic development in intact organisms and redundancy in the synaptogenic program. We showed by high-resolution in vivo imaging of the early course of synaptic assembly that a CAM, Fas2, regulates specifi c aspects of synaptic differentiation. In particular, our results suggest that presynaptic Fas2 induces the accumulation of postsynaptic Fas2 and Dlg at the synaptic contact site through trans-synaptic adhesion. Much evidence suggests that Dlg and its mammalian homologue PSD-95 are, in turn, critical for the clustering of several neurotransmitter receptors and adaptor proteins (Funke et al., 2005) . Our results provide in vivo evidence for the role of trans-synaptic adhesion in triggering postsynaptic molecular assembly.
Materials and methods
Fly strains
The GAL4-UAS system (Brand and Perrimon, 1993) was used to express mGFP and YFP-tagged Fas2 and Dlg in muscles and/or motor neurons. Gene expression in muscle 12 and motor neurons was driven by the Gal4 lines GAL4-5053A (Ritzenthaler et al., 2000) and elav-GAL4-3E1 (Davis et al., 1997) , respectively. For vital visualization of cell morphology, we used UAS-mGFP (Ritzenthaler et al., 2000) . The genotypes of mutants were pros m4 (Broadie and Bate, 1993) , fas2 eB112 /Y (Schuster et al., 1996) , Guan et al., 1996) , and GluRII SP22 /Df(2L)cl h4 (DiAntonio et al., 1999) . Although Dlg is known to be provided maternally (Guan et al., 1996) , immunostaining showed that the amount of Dlg present in dlg X1-2 /Y embryos is only 20% of that in wild-type embryos at 15 h. The developmental stage of embryos was expressed in terms of hours after egg laying. To narrow the time window of the staging, the eggs were laid for 30 min. The half-period of the egg laying (15 min) was assigned as hour 0. The developmental stage of embryos was also verifi ed by morphological criteria of the midgut.
Plasmid construction and generation of transgenic lines
Construction of the pUAST vectors and germline transformation were performed according to standard protocols (Brand and Perrimon, 1993) . The Fas2-YFP expression construct contains the ORF of YFP inserted via a fi veamino acid linker into the C-terminal end of the transmembrane domain of Fas2. Fas2-YFP was verifi ed to be functional according to its normal synaptic localization, adhesive activity when expressed on larval muscles (Nose et al., 1997 ) and S2 cells (Grenningloh et al., 1990) , and ability to rescue the lethality of fas2 eB112 when expressed in subsets of muscles and neurons (Schuster et al., 1996) . The Fas2 deletion constructs, extra-Fas2-YFP, and intra-Fas2-YFP contained amino acids 1-794, 1-45, and 736-844, respectively, of the PEST(−) form of Fas2 and the ORF of YFP at the same position as in the intact Fas2-YFP. The Dlg-YFP construct contained the ORF of YFP connected to the N terminus of Dlg, as previously reported for Dlg-GFP (Koh et al., 1999) . UAS-mYFP/CFP were designed as described for UASmGFP (Ritzenthaler et al., 2000) . The elav-mYFP construct contained the elav promoter (Sone et al., 1997) at the 5′ end of mYFP/CFP.
Live visualization and quantifi cation
The dynamics of Fas2-and Dlg-YFP was imaged in dissected embryos immersed in insect saline using a confocal system (LSM510; Carl Zeiss, Inc.) with a 100× NA 1.0 water immersion objective lens (Carl Zeiss, Inc.) at 25°C. The accumulation of Fas2-and Dlg-YFP at the nascent synapse was quantifi ed using IPLab software (BD Biosciences). First, particle analysis was used to objectively assign fl uorescent signals to the synaptic site. Fluorescence intensity in each pixel in the image of the muscle was measured, and the mean (m) and SD (σ) was calculated. Particles (continuous clusters of pixels) at the nerve innervation site with fl uorescence intensity higher than m + 2σ was defi ned as the postsynaptic assembly. The ratio of the total amount of fl uorescence in the postsynaptic assembly (thus defi ned) to that in the entire muscle was then used as a measure of synaptic accumulation. Z-stack images are used in these analyses; thus, total amounts of proteins present in the synaptic sites are quantifi ed. The formation of the synaptic contact site was assessed by the area of the clustered myopodia/fi lopodia, which was approximated as a tetragonum and measured using IPLab software.
Dual imaging of Fas2-CFP in muscles and mYFP in axons or muscles was conducted with a confocal microscope (FV1000; Olympus) with 440-and 514-nm laser lines and a 100× NA 1.0 water immersion objective lens (Olympus) at 25°C. For time-lapse dual imaging of presynaptic fi lopodia and Fas2-CFP (Fig. S1 ), we used moderate power laser illumination with faster scanning speed (10 μs/pixel). Because the high power laser beam necessary for the visualization of myopodia (Fig. S2) photobleached fl uorescent molecules, only one image could be obtained in each imaging.
Photobleaching experiments
FRAP and iFRAP experiments were performed using the FV1000 confocal microscope with 488-and 514-nm argon laser lines and a 100× NA 1.0 water immersion objective lens at 25°C. The sequential image acquisition and photobleaching procedures were performed using a macro program in Fluoview software (Olympus). For FRAP, the photobleaching of the region of interest (typically 3 × 15 μm) with 100% laser intensity was controlled by acousto-optic tunable fi lters and took ‫5ف‬ s. Time-lapse images before and after photobleaching were captured at 0.5-2 Hz with low-power illumination, which caused only 1% per min photobleaching. For subsynaptic analysis, we analyzed a proximal (adjacent to the nerve entry point) and distal region in the postsynaptic site separated by a mean distance of 7.2 μm (n = 13). For iFRAP, the entire cellular fl uorescence in the muscle except for the nascent postsynaptic site was photobleached. This bleaching process took ‫54ف‬ s. Change in the fl uorescence intensity at the postsynaptic site was monitored 1 and 15 min after the start of the photobleaching.
FRAP and iFRAP image analyses were performed using Fluoview software. For each image in a FRAP or iFRAP experiment, the mean fl uorescent intensity of a region of interest was measured, and background intensity of an off-cell region was subtracted. For iFRAP experiments, the fl uorescence signals detected at different confocal planes were integrated. All values reported are mean ± SEM; datasets were compared by t test.
To obtain the time constant of FRAP, individual recovery data were fi t using KaleidaGraph (Hulinks) with the following single exponential equation:
where F is the background-subtracted fl uorescence intensity, a is an intensity value just after bleaching (time = 0), the second term is fl uorescence from recovered molecules, and τ is the time constant for recovery. The apparent time constant and turnover fraction obtained from these analyses were further corrected as described below (see Consideration for the effect of nonnegligible amounts…) to alleviate the effect of nonnegligible amounts of bleached Fas2-YFP.
Immunocytochemistry
To vitally label innervating motor neuronal axons, we incubated dissected embryos with anti-HRP antibodies conjugated with Cy5 (Invitrogen) for 4 h at 4°C. Rabbit polyclonal antibodies against GluRIIA and GluRIIB (Saitoe et al., 1997; Marrus et al., 2004) , mouse monoclonal antibodies against an active zone marker, Brp (Nc82; Wagh et al., 2006) , and Dlg (Parnas et al., 2001 ) were used at dilutions of 1:1,000, 1:2,500, 1:100, and 1:50, respectively. We used goat anti-HRP antibody as an axonal marker at a dilution of 1:4,000. As putative embryonic synaptic markers, we tested the expression of the following antigens, which were previously reported to be localized at larval neuromuscular synapses: Scrib (Mathew et al., 2002) , Coracle , GUK-holder (Mathew et al., 2002) , dLin7 (Bachmann et al., 2004) , Bazooka (Ruiz-Canada et al., 2004) , PAK (Sone et al., 2000) , GRIP (Ataman et al., 2006) , dystrophins (van der Plas et al., 2006) , α-Spectrin (Featherstone et al., 2001) , β-Spectrin (Featherstone et al., 2001) , ankyrin (Pielage et al., 2006) , αPS2-integrin (Beumer et al., 1999) , and αPS1-integrin (Beumer et al., 1999) . Secondary antibodies used were goat anti-rabbit IgG AlexaFluor488, goat anti-mouse IgG Cy3, donkey anti-rabbit IgG AlexaFluor488, donkey anti-mouse IgG AlexaFluor488, donkey anti-guinea pig IgG AlexaFluor488, and donkey anti-goat IgG Cy3 (Invitrogen). Confocal images were acquired with an FV1000 microscope with a 100× NA 1.0 objective lens. Fluorescence intensities of the synaptic markers apposing the motoneuronal terminal or active zone were quantifi ed using IPLab software.
Consideration for the effect of nonnegligible amounts of bleached Fas2-YFP in obtaining the FRAP turnover fraction and time constant
In the FRAP experiments, molecular turnover of Fas2-YFP within the prospective synaptic site was monitored as the recruitment of unbleached, fl uorescent Fas2-YFP from the extrasynaptic region. Because a large amount of Fas2-YFP present in the synaptic site was bleached and gradually moved to the extrasynaptic region, nonnegligible amounts of bleached Fas2-YFP can reoccupy the synaptic site during FRAP. This affects the FRAP recovery curve. We considered and corrected this effect in obtaining the turnover fraction (ρ) and turnover time constant (τ) from the FRAP curve. We assumed that at the end of photobleaching, the synaptic site contained N bleached Fas2-YFP molecules, of which φN molecules are mobile, and that the extrasynaptic region contained M fl uorescent Fas2-YFP. We also assumed that at time t, the synaptic site contained x fl uorescent Fas2-YFP in place of the bleached molecules (this also means that the extrasynaptic region contained x bleached molecules). We assumed that the rate of exchange between Fas2-YFP in the synaptic site and that in the extrasynaptic region is mainly determined by the unbinding of Fas2-YFP from the synaptic site. The number of molecules exchanged per unit of time within the synaptic site can then be defi ned as kφN, where k is a time-independent constant. The change in fl uorescence, ∆x, from time t to time t + ∆t is determined by the following two turnover events: (1) exchange between bleached Fas2-YFP at the synaptic site (φN − x molecules out of φN molecules at time t) and unbleached Fas2-YFP in the extrasynaptic region (M − x out of M molecules) and (2) exchange between unbleached Fas2-YFP at the synaptic region (x molecules out of φN) and bleached Fas2-YFP in the extrasynaptic region (x molecules out of M). Thus, the following equation is obtained: Accordingly, the apparent turnover time constant, τ′ = σ/k, is σ times smaller (σ < 1) than the actual τ. Similarly, the apparent turnover fraction, ρ′ = f(t → ∞), is σ times smaller than the actual ρ. As the estimated value of σ, we used the ratio of fl uorescence intensity in the extrasynaptic region at the end of the FRAP experiment to that before bleaching, σ 0 . The apparent turnover fraction and turnover time constant obtained from the FRAP curve were therefore divided by σ 0 to obtain ρ and τ. Fig. S1 shows that Fas2 accumulates at postsynaptic sites immediately after motoneuronal innervation. Fig. S2 shows that Fas2 accumulates in myopodia that contact presynaptic fi lopodia. Fig. S3 shows FRAP analysis of Fas2-YFP at a subsynaptic level. Fig. S4 shows that synaptic accumulation of endogenous Dlg and Scrib are reduced in fas2 mutants. Online supplemental material is available at http://www.jcb.org/cgi/ content/full/jcb.200705154/DC1.
Online supplemental material
